Evidence for the glomerular filtration and tubular recovery of hemoglobin has been provided by several investigators (1) (2) (3) (4) (5) . The simultaneous determination of hemoglobin and creatinine clearances in dogs and rabbits (2, 3) and of hemoglobin and inulin clearances in man has given ratios between 0.02 and 0.05. These values have been interpreted as the permeability of the glomeruli to hemoglobin relative to creatinine or inulin. Harrison's studies on dogs indicated the glomerular permeability to hemoglobin was between 4 and 20 per cent of the permeability to creatinine (5) .
The capacity of the renal tubules for hemoglobin recovery varied between 4 and 45 mg./100 cc. of glomerular filtrate.
The present study was undertaken primarily to determine the glomerular permeability and tubular recovery values for hemoglobin in the human kidney. In addition, the fact that hemoglobin and serum albumin may have approximately the same molecular weight, volume, and dissymmetry (6) suggested that the study of the glomerular permeability to hemoglobin might provide a means for determining the renal factors involved in the production of proteinuria.
METHODS
Subject selection criteria, the general test procedure, laboratory analyses and the preparation and administration of hemoglobin have been described previously (7) .
The subjects studied were placed into one of three groups depending upon the rate of administration of hemoglobin.
Rapid (N = 9). All subjects received the commercially prepared hemoglobin solution2 in a single injection at a rate of about 1,400 mg./min. Six of the nine subjects were retested at intervals of two or more weeks to determine the reproducibility of the values obtained (Group II of reference 7).
Intermediate (N = 14). All subjects received an autogenous hemolyzed blood preparation in a single injection at a rate of about 700 mg. per minute (Group I of reference 7).
Slow (N = 6). The commercially prepared hemoglobin solution was administered by slow infusion at a rate of about 60-70 mg./min. Five of the six subjects were retested at intervals of two or more weeks to determine the reproducibility of values (Group III of reference 7) .
In all three groups arterial plasma and urine hemoglobin concentrations were determined for each urine collection period (8) .
RESULTS
The relationship between the rate of urinary excretion of hemoglobin (Y) to the plasma concen- Figure 1 , than they are with the values for human subjects obtained by Brandt, Frank, and Lichtman (4) using the clearance ratio method.
The glomerular permeability constants for hemoglobin obtained in the present study would be inordinately high if applied to plasma albumin, since approximately 0.5 to 1.0 gm. of protein would then be filtered each minute by the glomer-glomerular filtrate using a method sensitive to about 30 mg. per cent in the mammalian kidney has failed to demonstrate the consistent presence of protein (11, .12) . In rabbits protein concentrations of 15 to 22 mg. per cent in the glomerular filtrate have been demonstrated (13) . This protein concentration would suggest a permeability constant not greater than 0.005 for plasma albumin. Thus it is apparent that the glomerular permeability to hemoglobin obtained under the conditions of this study differs significantly from the permeability to plasma albumin in spite of the fact that both substances are structurally similar (6) .
The pronounced decrease in glomerular filtration rate and renal blood flow resulting from the intravascular administration of hemoglobin (7) suggests an explanation for the high K values for hemoglobin obtained in this study. The decreases. in renal blood flow were of sufficient magnitude to produce a marked ischemia in a number of glomeruli. That a change in permeability sufficient to allow a significant leakage of plasma protein out of capillaries can be produced by a few minutes of ischemia or anoxic anoxia has been demonstrated (14, 15) . The observation that a delay period of four to 25 minutes elapsed between the end of the rapid injection of hemoglobin and the appearance of hemoglobinuria is consistent with an ischemia of some glomeruli with subsequent increased permeability when blood flow is reestablished. The fact that the glomerular permeability to hemoglobin was significantly higher when the individuals received a single rapid injection than when they received a slow infusion supports this speculation; for only with the rapid administration of hemoglobin was there an intense, initial renal vasoconstriction (7) . The association of proteinuria with decreased glomerular filtration rate and renal blood flow has been observed by others (16, 17) . Especially pertinent to this hypothesis is the observation of White and Rolf (16) that during heavy exercise a group of normal subjects developed a marked decrease in glomerular 4 It is possible that some degree of dissociation of the hemoglobin molecule might occur at the low plasma concentrations employed in this study (9, 10) , but the absence of any quantitative information on this possibility precludes consideration here. filtration rate and renal blood flow. Before and during the exercise the urine was free of protein, but urine formed in the first and second postexercise periods (40 minutes after exercise) contained protein.
The variations in tubular recovery of hemoglobin noted between individuals and between repeat determinations on the same individual were associated with parallel changes in the glomerular permeability. This observation is also in accord with the concept that the filtration of hemoglobin was inordinately high in those glomeruli whose permeability characteristics were altered to some degree by ischemia. The greater the number of glomeruli filtering hemoglobin, the greater the number of tubules that would participate in recovery, and the greater would be the rate of tubular recovery as determined for the kidney, as a whole. The mechanism of hemoglobin excretion by the human kidney has been studied in 19 subjects. It is concluded that hemoglobin is filtered by the glomeruli and recovered by the tubules to a limited extent. The glomerular permeability to hemoglobin was significantly lower (K = 0.101) when hemoglobin was administered at a slow rate (70 mg./min.) than when it was administered at a rapid rate (1,400 mg./min.) (K = 0.162). The permeability of the glomeruli to hemoglobin averaged 12.9 per cent of the glomerular permeability to inulin. The renal tubular recovery of hemoglobin averaged 17.1 mg. per 100 cc. of glomerular filtrate.
It is suggested that the intravascular administration of hemoglobin alters glomerular permeability. How this effect is mediated is unknown, but the sequence of renal vasoconstriction followed by ischemic alteration of glomerular capillaries seems likely.
